Abstract. The concept that inflammation serves a leading role in osteoclast-induced bone loss under pathological circumstances is now widely accepted. In the present study, it was observed that lipopolysaccharides (LPSs) demonstrated a synergic effect on receptor activator of nuclear factor κ-B ligand (RANKL)-induced osteoclast differentiation in Raw264.7 cells, with increasing levels of multiple pro-inflammatory cytokines including interleukin (IL)-6, tumor necrosis factor-α and IL-1β. Furthermore, microRNA (miR)-146a was highly induced by LPS and RANKL co-stimulation during the process of osteoclast differentiation. Overexpression of miR-146a inhibited osteoclast transformation by targeting the key regulators of nuclear factor (NF)-κβ signaling, TNF receptor-associated factor 6 and interleukin-1 receptor-associated kinase 1. The downstream activation of NF-κβ signaling was also inhibited by transfection with a miR-146a mimic. Altogether, the results of the present study demonstrated that miR-146a prevents osteoclast differentiation induced by LPS and RANKL co-stimulation, suggesting that miR-146a may be a promising therapeutic target for treatment of inflammation mediated bone loss.
Introduction
Osteoclasts are multinucleated, exclusively bone-absorbing cells, which share the same precursor cells with macrophages and dendritic cells (1) . Imbalance of osteoclastic bone resorption and osteoblastic bone formation are associated with multiple pathological disorders, including osteoporosis, osteopenia, Crohn's disease, rheumatoid arthritis (RA) and psoriatic arthritis (2) (3) (4) (5) . Immune cells profoundly influence the pathogenesis of these diseases in multiple processes, as macrophage precursors are able to differentiate into osteoclasts and multiple inflammatory cells provide cytokines for the progression of osteolysis (6, 7) . Since vital signaling factors including interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-6 and IL-17 have been revealed to give rise to osteoclast differentiation and activation (8, 9) , the strong association between inflammation and bone degradation at the molecular signaling level has received extensive attention.
Bacterial lipopolysaccharide (LPS), one of the key components of the outer membrane of Gram-negative bacteria, is able to stimulate the innate immune system to initiate inflammatory responses, exclusively through its pattern recognition receptor Toll-like receptor 4 (TLR4) (10) . It is reported that LPS treatment substantially increases the mRNA and protein expression levels of the osteoclast-associated genes receptor activator of nuclear factor κ-B (RANK), TNF receptor-associated factor 6 (TRAF6) and cyclooxygenase-2 in Raw264.7 cells (11) . Furthermore, the activation of TLRs is able to suppress expression of RANK in human primary cell cultures, therefore attenuating the activity of RANK ligand (RANKL) and macrophage colony-stimulating factor mediated pathways, consequently resulting in the inhibition of osteoclastogenesis (12) . The intriguing results concerning the function of TLRs in addition to other inflammatory factors in osteoclastogenesis indicates a homeostasis of these molecules and their feedback regulation (13) .
MicroRNAs (miRNAs/miRs) are a group of highly conserved, single-stranded, small noncoding RNA molecules that regulate gene expression in a post-transcriptional manner. Accumulating evidence has demonstrated that miRNAs serve a critical role in regulating immune responses and inflammation (14, 15) . Previously, a number of studies have revealed that miRNAs are involved in the development and differentiation of bone cells. For example, miR-223, which is almost exclusively expressed in mouse bone marrow, is regulated by the enhancer modulators PU.1 and CAAT (16) . In addition, miR-125b, miR-26a, miR-133 and miR-135 have all been implicated in the differentiation of osteoblasts (17) (18) (19) .
miR-146a is a typical multi-functional microRNA that serves an important role in regulating multiple biological processes in various types of cells (20, 21 for example rheumatoid arthritis (RA) (22) . In the present study, the functions of LPS and miR-146a in the development of osteoclast induced by RANKL were investigated. For transfection, the synthetic miR-146a mimics, miR-146a inhibitor, or negative control were transfected into cells using Lipofectamine ® RNAiMAX (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Sequences of the miR-146a mimics were 5'-UGA GAA CUG AAU UCC AUG GGUU-3' and 5'-CCC AUG GAA UUC AGU UCU CAU U-3' (antisense), negative control sequence were 5'-UUC UCC GAA CGU GUC ACG UTT-3' and 5'-ACG UGA CAC GUU CGG GAA TT-3' (antisense). miR-146a inhibitor was a 29-O methylated single-stranded miR-146a antisense oligonucleotides, the sequence was 5'-AAC CCA UGG AAU UCA GUU CU CA-3' , and that of the negative control for the inhibitor was 5'-CAG UAC UUU UGU GUA GUA CAA-3' . In brief, 5x103 cells were seeded into a 48-well plate 24 h prior to transfection. The next day, 200 nM miRNA mimic, miRNA inhibitor, or negative control were transfected into cells. Cells were then cultured for an additional 3 days with RANKL (30 ng/ml) and LPS (100 ng/ml) to collect RNA, protein or observe osteoclast differentiation.
Materials and methods

Materials
TRAP staining assays. Using the K-ASSAY TRAP Staining kit, TRAP staining was performed according to the manufacturer's protocol. In brief, the medium was removed from the cells, which were then washed and fixed for 5 min at room temperature. Then, the chromogenic substrate was added to each well and cells were incubated at 37˚C for 60 min, washed by ddH 2 O. Cells were observed using a Leica DM IRB inverted microscope. TRAP-positive multinuclear cells containing >3 nuclei were classified as osteoclasts. Cell images were obtained using LAS EZ software version 3.4.0.272 (Leica DMIL LED Inverted microscope; Leica Microsystems GmbH, Wetzlar, Germany). TRAP-positive cells were counted as the mean number of positive cells of 6 fields of view under the microscope.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. For RNA extraction, Raw264.7 cells were plated in a 6-well plate at a density of 5x104 cells/ml in α-MEM with 10% HIFCS. Cells were treated with 30 ng/ml RANKL, 100 ng/ml LPS, a combination or 200 nM miR-146a mimic. Total RNA was extracted using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. For TNF-α, IL-6 and IL-1β genes analysis, 300 ng total RNA was converted to cDNA using PrimeScript™ RT Master Mix (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's protocol. qPCR was performed for different genes in separate wells (Singleplex assay) of a 384-well plate in a reaction volume of 5 µl using TB Green™ Premix Ex Taq™ (Takara Biotechnology Co., Ltd., Dalian, China) and reaction condition as following: 95˚C for 15 sec, 1 cycle; 95˚C for 5 sec, 60˚C for 30 sec, 40 cycles. GAPDH served as the endogenous control for all experiments. The primers used were as follows: GAPDH forward, 5'-TGG ATT TGG ACG CAT TGG TC-3' and reverse, 5'-TTT GCA CTG GTA CGT GTT GAT-3'; 5-ATC TTT TGG GGT CCG TCA ACT-3'; TNF-α forward, 5'-CCC TCAC ACT CAG ATC ATC TTC T-3' and reverse, 5'-GCT ACG ACG TGG GCT ACA G-3'; IL-6 forward, 5'-TAG TCC TTC CTA CCC CAA TTT CC-3' and reverse, 5'-TTG GTC CTT AGC CAC TCC TTC-3'; TRAF6 forward, 5'-AAA GCG AGA GAT TCT TTC CCT G-3' and reverse, 5'-ACT GGG GAC AAT TCA CTA GAG C-3'; IRAK1 forward, 5'-AGC CGA GGT CTG CAT TAC ATT-3' and reverse, 5'-TGG CAG TCT GGA TAA CTG ATG A-3'. For miRNA analysis, 50 ng total RNA was converted to miRNA using the TaqMan™ MicroRNA Reverse Transcription kit (Invitrogen; Thermo Fisher Scientific, USA) according to the manufacturer's protocol. qPCR was performed for different miRNA in separate wells (Singleplex assay) of a 384-well plate in a reaction volume of 5 µl. Sno202 served as the endogenous control for all experiments. TaqMan dye-labeled probes were purchased from Applied Biosystems (Thermo Fisher Scientific, Inc.). The PCR reaction mixture was performed in an Applied Biosystems ABI Prism 7300 sequence detection system instrument using reaction condition as follows: 50˚C for 2 min, 95˚C for 10 min, 1 cycle; 95˚C for 15 sec, 60˚C for 1 min, 40 cycles. Analysis of relative gene expression data was made using real-time quantitative PCR and the 2-ΔΔCq method (23) .
Western blotting. Cells were lysed using RIPA buffer (Thermo Fisher Scientific, Inc.). Then, 20 µg lysate proteins were separated using 10% SDS-PAGE, transferred to polyvinylidene fluoride membranes, blocked with 5% BSA in TBS solution at room temperature for 1 h and probed with primary antibodies directed against phosphorylated (Ser) p65 (cat. no. 3033; 1:1,000), p65 cat. no. 8242; 1:1,000), phosphorylated (Ser) IKBα (cat. no. 2859; 1:1,000), TRAF6 (cat. no. 8028; 1:1,000; all Cell Signaling Technology, Inc.), IRAK1 (Abcam; cat. no. ab238; 1:1,000) and GAPDH (cat. no. ab9485; 1:5,000; Abcam) at 4˚C overnight. The next day, the membranes were incubated with anti-mouse IgG (cat. no. 7076; 1:5,000) or anti-rabbit IgG, HRP-linked antibody (cat. no. 7074; 1:5,000; both Cell Signaling Technology, Inc.) at room temperature for 1 h and visualized with a SuperSignal West Pico kit (Thermo Fisher Scientific, Inc.). All results were normalized against GAPDH as loading controls.
Statistical analysis. GraphPad Prism version 5.0 (Graphpad Software, Inc., La Jolla, CA, USA) was used for data analysis. The reproducibility of each experiment was confirmed by three independent experiments. Bars represent the mean ± standard error of the mean. Differences between groups were analyzed for statistical significance using an unpaired Student's t-test or two-way analysis of variance followed by Bonferroni post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
LPS exerts a synergic function in promoting RANKL-induced osteoclast differentiation.
RANKL is an essential regulator of osteoclast differentiation and activation (24) . LPS, the key component of the Gram-negative bacterial cell wall, is a well-known stimulator of inflammatory bone loss (25).
To investigate whether there is a synergic effect of LPS on RANKL-induced osteoclast differentiation, murine macrophage Raw264.7 cells were treated with LPS and/or RANKL. Consistent with previous studies (11, 26) , Raw264.7 cells were able to form multinucleated cells in response to either RANKL or LPS stimulation (Fig. 1A) . Results from histological staining with TRAP confirmed the presence of osteoclasts (Fig. 1A) . In addition, the number of osteoclasts generated from LPS and RANKL combined treatment was significantly (LPS + RANKL vs. RANKL, P<0.05; LPS + RANKL vs. LPS, P<0.001) increased compared with stimulation with either treatment alone (Fig. 1B) .
LPS stimulation triggers pro-inflammatory cytokine production during osteoclastogenesis. One previous study has revealed that pro-inflammatory cytokines serve a critical role in osteoclast development and bone loss (27) . Therefore, to understand how LPS enhances osteoclast differentiation induced by RANKL, cytokine expression during osteoclastogenesis was assessed. As presented in Fig. 2 , the expression levels of inflammatory mediators, including IL-6, TNF-α and IL-1β were significantly (P<0.001) increased following LPS stimulation compared with the control. . LPS highly induces the cytokine production in osteoclastogenesis. Raw264.7 cells treated with 30 ng/ml RANKL and 100 ng/ml of LPS for 3 days. A reverse transcription-quantitative polymerase chain reaction was performed for the detection of IL-1β, IL-6 and TNF-α mRNA levels. The figure presents the relative expression levels of target mRNA normalized to endogenous GAPDH mRNA levels. Bars represent the mean ± standard error of the mean. *** P<0.001. LPS, lipopolysaccharide; RANKL, receptor activator of nuclear factor κβ ligand; IL, interleukin; TNF-α, tumor necrosis factor-α; NS, non-significant; Con, control.
miR-146a is highly induced during osteoclastogenesis.
In response to LPS stimulation, Raw264.7 cells express various types of miRNAs. Among them, miR-146a is highly induced and serves a negative regulatory role in the TLR4 signaling pathway (28) . To investigate the function of miR-146a in the development of osteoclasts, the present study analyzed the kinetic change of miR-146a expression during osteoclastogenesis. The expression levels of miR-146a were continuously elevated within 24 h following LPS and RANKL treatment, which then subsequently declined. In addition, it was revealed that the combined treatment of LPS and RANKL reduced miR-146a expression compared with LPS stimulation alone (Fig. 3) .
miR-146a inhibits osteoclast differentiation.
To further elucidate the role of miR-146a in osteoclast differentiation, the expression levels of miR-146a in Raw264.7 cells were manipulated to demonstrate whether it could affect the outcomes.
As miR-146a was upregulated following LPS and RANKL treatment, the effect of miR-146a inhibitor was tested (Fig. 4A) . Treatment of miR-146a inhibitor 24 h prior to LPS and RANKL administration significantly (P<0.05) reduced the levels of miR-146a, compared with the NC inhibitor group (Fig. 4B) . Notably, it was demonstrated that miR-146a inhibition significantly increased the number of TRAP+ cells induced by LPS and RANKL (P<0.05; Fig. 4C and D) .
Next, if overexpression of miR-146a could prevent osteoclast differentiation was tested. Two strategies were designed, named 'Prophylactic' and 'Therapeutic̓ (Fig. 5A ). In the 'Prophylactic̓ strategy, Raw264.7 cells were transfected with miR-146a mimics one day prior to LPS and RANKL treatment; in the 'Therapeutic̓ strategy, Raw264.7 cells received miR-146a mimic transfection one day following LPS and RANKL treatment. Then, cells were harvested 3 days following miR-146a mimic transfection, with LPS and RANKL stimulation. Data from RT-qPCR results revealed that miR-146a expression was significantly (P<0.001) elevated in both 'Prophylactic̓ and 'Therapeutic̓ groups, compared with the negative controls (Fig. 5B) . Pre-treatment with the miR-146a mimic revealed a potent inhibitory role in osteoclast differentiation, with a 37% decrease compared with the control group ( Fig. 5C and D) . Furthermore, treatment with the miR-146a mimic during the process of osteoclast development was able to prevent osteoclast formation by 24% (Fig. 5C) .
Overexpression of miR-146a reduces NF-κβ activation and cytokine production. MiRNAs control a variety of biological processes by negatively regulating the expression of multiple genes. TRAF6 and IRAK1 are reported to be targets of miR-146a, which are the key components upstream of NF-κβ signaling (28) . It was revealed that the overexpression of miR-146a significantly repressed TRAF6 and IRAK1 expression at the mRNA and protein levels (P<0.05; Fig. 6A ). Downstream NF-κβ activation was dampened by the miR-146a mimic, as assayed by the phosphorylation levels of the p65 protein (Fig. 6B) . Furthermore, the expression levels of pro-inflammatory cytokines were significantly (IL1-β and IL-6, P<0.01; TNF-α, P<0.05) reduced by miR-146a overexpression (Fig. 7) .
Discussion
Inflammation is well known to be involved in osteoclast-induced bone loss under pathological circumstances. For instance, chronic infectious inflammation in the periodontium enhances local osteoclast activation and destroys the tooth-supporting alveolar bone, eventually resulting in periodontal disease (29) . Systemic bone erosion occurs in RA as a consequence of distorted bone remodeling resulting from overactive osteoclastogenesis in the context of chronic inflammation (30) . The mechanisms underlying the tight association between bone resorption and inflammation or infection have been studied for decades (31) , yet the intricate and multi-factorial aspects involved in signal transduction have made it difficult to develop a comprehensive understanding of the different types of mediators, in addition to determining their active location in source cells, their upstream and downstream effectors, and the potential of how to control them. Further research is required to develop novel therapeutic strategies, therefore resulting in advancements in the treatment for osteoclast-induced dysfunctions.
The ability of LPS to augment cytokine synthesis and release by macrophages, fibroblasts and other cells has made LPS a potent inducer of osteoclast activation (32) (33) (34) . Additionally, osteoclast differentiation, survival and fusion are also orchestrated by LPS-dependent cytokines IL-1, IL-6 and TNF-α in vivo and in vitro (35) (36) (37) (38) . Takami et al (36) once noted the mixed outcomes of LPS in osteoclastogenic assays in the presence or absence of stromal cells and osteoblasts. The induction of osteoclast differentiation by LPS requires the prior priming of RANKL, otherwise the inclusion of LPS may block the osteoclastogenic activity in primary bone marrow Figure 6 . Overexpression of miR-146a reduces NF-κβ activation through targeting TRAF6 and IRAK1. Raw264.7 cells were treated with 30 ng/ml RANKL, 100 ng/ml LPS and 200 nM NC mimic or miR-146a mimic for 72 h. (A) mRNA levels of TRAF6 and IRAK1 were quantified, and (B) the protein levels of TRAF6 and IRAK1 were examined by western blotting. (C) Phosphorylated (Ser) p65 and p65 expression were examined by western blotting. GAPDH was used to confirm equal protein loading. Bars represent the mean ± standard error of the mean. * P<0.05. miR, microRNA; NF-κβ, nuclear factor-κβ; TRAF6, TNF receptor-associated factor 6; IRAK1, interleukin-1 receptor-associated kinase 1; NC, negative control. monocytes (39) . In the present study, it was revealed that LPS exhibits a combined effect of enhancing RANKL-induced osteoclast differentiation. Additionally, in accordance with the previous reports (40) (41) (42) , inflammatory mediators IL-6, TNF-α and IL-1β were elevated following LPS stimulation during the differentiation of osteoclasts. miR-146a, which is located in the LOC285628 gene on human chromosome 5, was first discovered in the human acute monocytic leukemia cell line THP-1 (28) . The elevated expression of miR-146a may be induced by LPS administration through a negative feedback loop involving the TLR and NF-κβ pathways (43, 44) . TRAF6 and IL-1 receptor-associated kinase 1 are directly downregulated by miR-146a in this mediation initiated following LPS treatment (17) . Nakasa et al (45) revealed the suppressive role of miR-146a in the differentiation process of peripheral blood mononuclear cells into osteoclasts in a dose-dependent manner. In the present study, the high expression of miR-146a in response to LPS and RANKL stimulation in Raw264.7 cells was observed. miR-146a not only prevents osteoclast formation induced by either LPS or RANKL (data not shown), but also demonstrates a strong inhibition on LPS and RANKL co-stimulation. The inhibitory effect of miR-146a on osteoclastogenesis is further verified in the mouse primary bone marrow derived macrophages (data not shown). Therefore, these results suggest a protective role of miR-146a in inflammation-associated bone loss disorders. However, another study revealed that miR-146a facilitates osteoarthritis by regulating cartilage homeostasis (46) . Further in vivo studies, particularly investigating cell type specific miR-146a knockout, should be conducted to elucidate this point.
The negative feedback loop of miR-146a and LPS stimulation through the TLR and NF-κβ pathway serves as an important regulatory mechanism in LPS-induced immune responses (47, 48) . The regulatory axis of miR-146a-NF-κβ has been observed in various kinds of diseases, including cancer (49, 50) . Considering that NF-κβ signaling is also highly responsive to osteoclastogenesis and osteoclast precursor activation, TRAF6 and IRAK1, two crucial upstream inducers of the NF-κβ pathway, were analyzed following the forced expression of miR-146a. It was revealed that the expression of TRAF6 and IRAK1 in response to the overexpression of miR-146a was decreased at the mRNA and protein levels. Furthermore, the activation of NF-κβ signaling was also inhibited by the miR-146a mimic. The aforementioned results demonstrated that miR-146a serves as a negative modulator in the process of osteoclast differentiation and therefore limits osteoclast number in a proper range and subsequently maintains bone homeostasis.
In conclusion, these results demonstrated that LPS enhances osteoclast differentiation from Raw264.7 cells induced by RANKL. miR-146a is highly induced by LPS and RANKL stimulation. The overexpression of miR-146a inhibits osteoclast transformation by targeting the key regulators of NF-κβ signaling, TRAF6 and IRAK1. Therefore, these results indicate that using an miR-146a mimic may be a promising therapeutic strategy for the prevention and treatment of inflammation mediated bone loss.
